diterranean basin, and Eastern Europe (Negbi et al., 1989; Beiki et al., 2010) . Iran is the largest producer accounting for almost 80% of the total world production (Ahmad et al., 2011) . Ranked first in the world, Khorasan province, Iran, is specif ically the most ideal place for the growth and production of cultivated saffron (Ahmad et al., 2011) . Iran is also the native habitat of eight Crocus species besides C. sativus, four of which are exclusively indigenous to this country.
Morphological comparisons of cultivated saffron ecotypes have revealed some differences in intensity of flower color, viability, pollen size, and number of style branches and stamens (Grilli-Caiola et al., 2001) . Such comparisons suggest the existence of genetic variability in C. sativus ecotypes or commercial varieties. Furthermore, the actual genetic diversity existing in C. sativus is still unknown. Over the past centuries, the problem of intense genetic erosion in Crocus due to loss of land surface allocated to this crop in many areas of the world has further reduced the genetic variation of this crop (Abdullaev & Espinosa-Aguirre, 2004) .
Because native ecotypes of cultivated saffron and their wild relatives are enormous and valuable genetic resources of each peculiar habitat, there is an urgent need to identify and evaluate their genetic variation to prevent genetic erosion. Molecular markers may provide a reliable tool for measuring genetic divergence of plant cultivars as they remain unaffected by environmental factors and developmental stages of plants. Considering the potentials of DNA-based markers, Simple Sequence Repeats (SSR) can considerably help to assess diversity and intraspecific relationships across other markers. Studying SSR markers, Rubio-Moraga et al. (2009) evaluated 43 saffron isolates by 15 microsatellite primers, none of which was polymorphic in the population under study. On the contrary, Nemati et al. (2012) detected a good level of polymorphism by 12 microsatellite markers within 50 Iranian individuals of Crocus sativus. The purpose of this study was to investigate the spectrum of genetic diversity within Iranian Crocus spp., to reveal the phylogenetic relationships of 67 Crocus collected from different sites of Iran using 27 microsatellite markers, to propose a strategy for broadening the genetic base for future breeding of this valuable crop.
Material and methods

Plant material
Thirty eight C. sativus from five geographically separated populations of Iran (Ghaen, Gonabad, Estahban and Ferdos) and 29 allies including species of C. haussknechtii, C. caspius, C. speciosus and C. cancellatus collected from Kaleybar, Alasht, Veresk, Islam Abad, Reno and Neka were used in this study (Table 1 and Fig. 1 ).
Molecular analysis
Fresh leaves were frozen using liquid nitrogen and kept at -80°C. High molecular weight genomic DNA was extracted from fresh leaves of Crocus using DNeasy Plant Mini kit (Qiagen, Germany). The quality of the extracted DNA was verified on a 1% agarose gel and the amount of total genomic DNA obtained 754 Z. Nemati et al. / Span J Agric Res (2014) Nemati et al. (2012) . Each 25 µL PCR reaction contained 2.5 µL of 1x PCR buffer, 2 µL of 25 mM MgCl 2 , 1.5 µL of 10 mM dNTPs, 1 µL of each primer (10 pmol µL -1 ), 0.2 µL of Taq DNA polymerase (5 U µL -1 ) (Fermentas), 14.8 µL of double distilled water, and 2 µL of extracted DNA (ca. 20 ng). The cycling conditions were: initial denaturation at 95°C for 5 min, followed by 35 cycles of 94°C for 30 s, annealing temperature at 47-55°C and extension temperature 72°C for 2 min, and a final extension at 72°C for 7 min. PCR products were visualized by 4% of metaPhor Agarose gel (Lonza, Rockland, USA). A 50 bp DNA ladder (Fermentas, Sankt Leon-Rot Germany) was used to measure the size of the alleles. The primers names, sequences, repeat motifs, and annealing temperatures are shown in Table 2.
Considering the electrophoresis results, DNA fragments were scored on a binary scale: present (1) or absence (0). Due to the triploidy of C. sativus, different parameters of genetic diversity were measured using the R package POLYSAT version 1. 10 (Clark & Jasieniuk, 2011) .
Two methods were performed to estimate the genetic distances between samples: phylogenetic network and partial repeated bisection (RB) analysis which were conducted using SplitsTree vers. 4.11.3 (Huson & Bryant, 2006 ) and gCluto v. 1.0 program (Rasmussen & Karypis, 2004) respectively.
A Bayesian clustering approach was utilized to assess the genetic structure of the ecotypes using STRUCTURE vers. 2.3.3 Software (Pritchard et al., 2000) . In this model, the population of the genetic structure was characterized by admixture model and correlated allele frequencies. Twenty independent runs were performed for each value of K ranging from 2 to 10, and the DK method (Evanno et al., 2005) was used to choose the most likely value of K. Saffron (Crocus sativus L.) , a monomorphic or polymorphic species? 755 Analysis of molecular variance (AMOVA) was conducted using ARLEQUIN version 3.5 (Excoffier & Lischer, 2010) . AMOVA was calculated over all populations to estimate the intrapopulation and interpopulation variation (Weir & Cockerham, 1984; Excoffier et al., 1992) . The significance level of F ST statistics was determined through a nonparametric permutation procedure with 1,000 randomizations implemented in ARLEQUIN. Nei's standard genetic distance was calculated using the same program. Statistical calculations and graphics for F ST (Weir & Cockerham, 1984) were calculated using R v. 2.12.1 (cran.r-project.org). Table 2 shows that among all 27 primer pairs, 24 were recognized as polymorphic markers producing a total of 50 alleles with a mean of 2.08 per locus. Average observed heterozygosity (Ho) was 0.42 ranging from 0.08 to 0.95, and expected heterozygosity (He) ranged from 0.10 to 0.58 with an average of 0.31 per locus. The polymorphism information content (PIC) value, which is commonly used to estimate the informativeness of a marker or the discriminatory power of the locus, ranged between 0.1 in CSMIC25 and 0.54 in ABRII/Cs 8 with an average of 0.35 per marker. ABRII/Cs 11, ABRII/Cs 8 and ABRII/Cs 2 markers had the highest PIC values among others, representing a potential to be markers of choice in future breeding programs. Positive relationships between genetic diversity, PIC values, and number of alleles were also assessed (Table 2) .
Results
Genetic diversity
Phylogenetic relationships
The Neighbor-Net analysis results divided the 67 Iranian Crocus ecotypes into five main clusters (Fig. 2) .
Most of the cultivated and wild species of Crocus showed a considerable distribution on the top and bottom of the derived dendrogram, respectively, with a slight tendency to their geographical origin. The phylogenetic tree shows the out-groups, indicating the intense genetic admixture of these ecotypes. The dendrogram generated from RB cluster analysis showed the existence of five main clusters. The maximum and minimum amounts of samples belonged to clusters 5, 1 and 2, respectively (Fig. 3) . All cultivated saffron samples fell under only one cluster (5) with a close genetic distance to clusters 1 and 2.
Structure analysis
The grouping of individuals based on Bayesian clustering analysis confirmed the grouping we observed in the neighbor net analysis (Fig. 2 ) and RB method (Fig.  3) . The most likely value of delta K was 5, presenting a division of genetic variation into five clusters as well (Figs. 4a,b) . A pairwise comparison between 11 geographical populations from Iran based on the microsatellite allele frequencies showed that all of the domesticated saffron populations differed significantly from their wild relatives (Figs. 5a,b ). Moreover, a high level of intrapopulation differentiation was found in C. speciosus (Ve) and C. sativus (Go), whereas a low level of intrapopulation differentiation was discovered in C. hausknechtii (Re) (Fig. 5a) . The results of AMOVA analyses performed with SSR markers are presented in Table 3 . A high degree of variation was due to differences among individuals within the populations (52.38%), which represent a much higher value than the variations existing across populations (6.55%).
Discussion
C. sativus as cultivated crocus is a sterile species with distinct morphological and growing characterisSaffron (Crocus sativus L.), a monomorphic or polymorphic species? 757 (Siracusa et al., 2012; Erol et al., 2014) and SSR (Rubio-Moraga et al., 2009; Nemati et al., 2012) , the actual genetic diversity present in C. sativus is still an open question. In this study, 27 microsatellite markers were tested to measure level of polymorphism and investigated the genetic relationship and structure among Iranian Crocus ecotypes. The 24 out of 27 microsatellite primer pairs generated clear polymorphism bands among 67 accessions from four species of the Crocus genus. The mean number of alleles was 2.08 per locus with a total of 50 alleles. The average PIC value was 0.38 ranging from 0.1 to 0.54 (Table 2) . Nemati et al. (2012) observed that a total of 27 alleles with a mean of 2.60 per locus and the mean of PIC across all loci varied from 0.1 to 0.54 with an average of 0.34 in their SSR analysis, which is apparently compatible with our present results. Moreover, our results showed a new set of 12 polymorphic microsatellite loci out of 15 monomorphic microSaffron (Crocus sativus L.), a monomorphic or polymorphic species? 759 . Matrix and 3D mountain visualizations generated by GCluto software (lower part). Each cluster is represented as a mountain with the following proportional parameters: height = internal similarities between its individuals, volume = number of objects in the cluster. The color of a peak represents the internal standard deviation of the cluster's objects. Red represents low deviation, whereas blue represents high deviation. The internal deviation is calculated by finding the average standard deviation of the pair-wise similarities between the cluster's objects (Rasmussen & Karypis, 2004 satellite markers reported by Rubio-Moraga et al. (2009) , emphasizing that the molecular markers used in the present study can serve as useful tools for detecting the level of polymorphism in Crocus populations studied. It would be interesting to extend the study of genetic diversity using a larger number of SSR loci and sample size (Eckert et al., 2008) . The transmissibility of SSR loci isolated from C. sativus into wild relatives can implicate the conservation of genic regions through the Crocus genus. This result can significantly help to reduce costs of genetic analysis in future breeding researches (Moretzsohn et al., 2004) .
The dendrograms generated from Neighbor-Net and RB cluster analyses revealed five major groups (Figs. 2 & 3) , with slight correlation between genetic distance and geographical origin. The cluster analysis results obtained in the present study are broadly consistent with the findings of earlier diversity studies based on RAPD and ISSR (Rubio-Moraga et al., 2009) and AFLP data (Erol et al., 2014) , showing a separation of species independent of geographical origin. Our dendrogram indicated that Crocus species appeared to be closer to C. hausknechtii and C. speciosus.
The model-based structure analysis revealed the presence of five populations among the collected samples (Fig 4) . The grouping patterns obtained from the Bayesian clustering approach was confirmed using the two distance-based phylogeny analyses (Figs. 2, 3 &  4) . Moreover, no tendency between grouping and origin of Crocus ecotypes obtained from the model-based method was in agreement with the Neighbor Net analysis, demonstrating that the Crocus genotypes have a complex genetic structure. Erol et al. (2014) also reported two populations of saffron collected from different locations across Turkey and two East Aegean islands independent of their origins based on the modelbased structure analysis.
Analysis of molecular variance (AMOVA) indicated that intrapopulation differentiation (52.38%) was higher than interpopulation differentiation (6.55%) ( Table 3) . AMOVA analysis in another study showed a high heterogeneity of intrapopulation (55.5%) as opposed to a slightly lower heterogeneity of interpopulation (44.5%) (Alavi-Kia et al., 2008 ). Furthermore, the highest level of intrapopulation variation referred to C. speciosus (Ve) and C. sativus (Go) is displayed in Fig. 5a . It is likely that cultivated Crocus isolates in Iran, particularly C. sativus (Go), display high genetic variation within population as well as C. speciosus (Ve). However, the lowest level of intrapopulation variation was observed in C. hausknechtii (Re), which showed no polymorphism among other wild relatives of C. sativus, supporting the case of no amplification of conserved zones of microsatellites studied in this ecotype.
The microsatellite markers used in the present study are potentially useful for evaluation of genetic diversity and population structure in C. sativus as well as detecting genetic relationships among Iranian Crocus species. Like other studies, we observed a reasonable polymorphism among Iranian C. sativus germplasms (Beiki et al., 2010; Keifi & Beiki, 2012 ) which may be due to suitable climatic conditions for growth and development of this valuable crop in Iran. The use of a large number of polymorphic markers is vital for accurate assessment of genetic variation among different Crocus species according to their geographical origin and ploidy level, formation of core collection, and construction genetic map. These markers may allow us to trace back the evolutionary history of saffron, especially in the case of detection and identification of the parental species and geographical origin of C. sativus.
